Mature neurons have diminished intrinsic regenerative capacity. Axotomy of the peripheral branch of adult dorsal root ganglia (a "conditioning" lesion) triggers a transcription-dependent axon growth program. Here, we show that this growth program requires the function of the transcription factor Smad1. After peripheral axotomy, neuronal Smad1 is upregulated, and phosphorylated Smad1 accumulates in the nucleus. Both events precede the onset of axonal extension. Reducing Smad1 by RNA interference in vitro impairs axonal growth, and the continued presence of Smad1 is required to maintain the growth program. Furthermore, intraganglionic injection of BMP2 or 4, which activates Smad1, markedly enhances axonal growth capacity, mimicking the effect of a conditioning lesion. Thus, activation of Smad1 by axotomy is a key component of the transcriptional switch that promotes an enhanced growth state of adult sensory neurons.
Introduction
Injured adult neurons in the mammalian peripheral nervous system (PNS) can regenerate axons, but this requires reversal of an age-dependent loss of intrinsic axonal growth capability (Makwana and Raivich, 2005) . Neurons in the CNS do not regenerate, in part because of an unfavorable environment for growth (Schwab and Bartholdi, 1996; Filbin, 2003; McGee and Strittmatter, 2003) , but also because of an irreversible reduction in the intrinsic regenerative capacity of mature neurons (Goldberg et al., 2002) . The molecular mechanisms regulating the intrinsic growth state remain incompletely understood (Zhou and Snider, 2006) . Such an understanding may assist in attempts to further increase regeneration of PNS axons and to encourage regeneration of CNS axons.
A useful system for studying the rekindling of axonal growth capacity after injury is provided by sensory neurons in dorsal root ganglia. Dorsal root ganglia (DRG) neurons have two branches originating from a unipolar axon: a peripheral branch that innervates sensory targets, and a central branch that extends in the spinal cord and relays information to the CNS. Axotomy of the peripheral branch, but not the central branch, triggers axonal growth: these neurons extend axons more readily in dissociated culture (Smith and Skene, 1997) , and they are able to regenerate their central branches after a later spinal cord lesion (Richardson and Issa, 1984; Neumann and Woolf, 1999) . Importantly, axotomy-induced regeneration requires activation of a transcription-dependent program that reactivates the neuron's intrinsic axonal growth capacity (Smith and Skene, 1997) . Gene microarray analyses have identified a number of genes whose expression is changed after injury, including several transcription factors (Costigan et al., 2002; Méchaly et al., 2006) . For example, the immediate early gene ATF3 is rapidly induced after axotomy, and increasing ATF3 enhances the rate of peripheral regeneration (Seijffers et al., 2007) . However, the remainder of the transcriptional cascade for regeneration remains poorly understood. In this study, we turned our attention to earlier time points than those previous studied, and we came to focus on Smad1 as a key component of the axon growth program.
Smads are the intracellular mediators of TGF␤/bone morphogenetic protein (BMP) signaling pathways. TGF␤/BMP ligands activate membrane receptor serine/threonine kinases, which in turn signal through C-terminal phosphorylation of Smads at an SXS serine motif. The phosphorylation triggers nuclear translocation of pSmads to activate downstream target genes. Particular Smads are dedicated to different ligands, with Smad1, 5, and 8 mediating signals from members of the BMP subfamily (Massagué et al., 2005) .
Here, we identify axotomy-induced Smad1 activation and nuclear translocation as key components of the transcriptional switch for adult sensory neurons to enter into an active growth state.
Materials and Methods
Peripheral lesion, thoracic hemisection, and DRG microinjection. All surgeries were performed on adult C57BL/6 mice (Neumann and Woolf, 1999) . Two microliters of vehicle, BMP2, or BMP4 (10 ng) were injected into L4 or L5 DRGs.
Dissociated DRG cultures. DRG neurons were cultured (Neumann et al., 2002) in Neurobasal-A and B-27 (Invitrogen) at a low density of 500 -800 cells per 1 cm 2 on slides or 96-well plates (Becton Dickinson) precoated with poly-D-lysine (100 g/ml, Sigma) and laminin (10 g/ml, Invitrogen). To remove myelin debris and cell clumps, a partialpurification step was performed by centrifugation through a 15% BSA cushion. 
Results

Expression profiling reveals early axotomy-induced changes in transcription factors
To search for transcriptional regulators involved at early steps of the axonal growth response, we profiled mRNA from DRGs of mice with either sciatic nerve transection (SNT; peripheral axotomy) or dorsal spinal column transection (central axotomy, as control). At 12 h post-SNT, 114 transcripts were upregulated and 19 downregulated. Of these, 13 were known transcription factors. At 24 h, 290 were upregulated and 139 downregulated, presumably reflecting the emergence of a second wave of downstream effector genes. Of these, 11 were known transcription factors (supplemental Table S1 , available at www.jneurosci.org as supplemental material). Combining the two time points, a total of 19 distinct transcription factors were identified.
Induction and nuclear translocation of Smad1 precede the onset of axonal extension by DRG neurons in vitro
This microarray analysis identified Smad1 as being induced 1.8-fold 12 h after peripheral axotomy (compared with a central axotomy), a change confirmed by ISH (Fig. 1 A) . Smad1 transcripts in lesioned DRG were also upregulated compared with those in contralateral, uninjured DRGs as assed by quantitative reverse transcriptase (qRT)-PCR and ISH (supplemental Fig. S1 A, B, available at www.jneurosci.org as supplemental material). Immunohistochemistry (IHC) and Western blots showed that Smad1 protein was up by approximately two-fold in ipsilateral compared with contralateral DRGs (Fig. 1 B-C; supplemental Fig. S1C , available at www.jneurosci.org as supplemental material). The increase of Smad1 protein was evident at 1 d postlesion, peaked at 2 or 3 d, and by 7 d settled to a lower plateau but still remained above baseline (Fig. 1C) . The induction of Smad1 was neuronal ( Fig. 1 A, B ; supplemental Fig. S1 B, C, available at www.jneurosci.org as supplemental material).
To analyze the function of Smad1, we turned to dissociated cultures. Before DRG neurons extend long axons, there is a "priming" period of 24 h requiring active transcription (Smith and Skene, 1997) We hypothesized that these changes in Smad1 seen in vitro are triggered by the axotomy involved in dissociation. If so, then DRG neurons that have been axotomized in vivo one week before explantation should already have Smad1 induced and pSmad1 translocated into the nucleus when examined immediately after plating. Such changes were indeed observed in neurons conditioned in vivo by peripheral, but not central, axotomy (Fig. 1 D, 3rd-4th columns, 7th-8th columns). For both antibodies, neurons from the contralateral DRG showed similar staining patterns to those from uninjured animals ( Fig. 1 D, 5th-6th columns), indicating that the change is triggered by axotomy, and not by systemic response to injury. An increase of nuclear pSmad1/5/8 was also seen when in vivo conditioned DRGs were examined directly in situ by immunohistochemistry at 3 d postlesion (Fig. 1 E) .
Smad1 knockdown reduces axonal growth in adult sensory neurons
Smad1 knock-out mice die at embryonic day 9.5 because of allantois defects (Lechleider et al., 2001) . We therefore turned to RNAi-mediated Smad1 knockdown, resulting in a 90% reduction of the transcript, and an 80% decrease of the protein (Fig. 2 A) . Immunostaining similarly revealed dramatically reduced Smad1 (Fig. 2 B) and pSmad1/5/8 (Fig. 2 E; supplemental Fig. S2 A, available at www.jneurosci.org as supplemental material).
Smad1 knockdown caused a marked decrease (50% reduction) in neurite length after 3 or 4 DIV ( Fig. 2C-E) . Expression of one of the growth-associated proteins (GAPs), GAP-43, is widely correlated with axonal regeneration (Skene, 1989) , and its transcript and protein were decreased after Smad1 knockdown (supplemental Fig. S2 B, C, available at www.jneurosci.org as supplemental material).
The Smad1 knockdown phenotype did not seem to stem from decreased viability since the number of surviving neurons was comparable in both cultures (data not shown). The morphology of neurons also appeared normal, as judged by Tuj1 and DAPI staining (Figs. 2, 3 ) (data not shown). The phenotype instead reflected a reduction in the intrinsic axonal growth capacity of these neurons; for example, addition of NGF, known to stimulate growth of wild-type sensory axons, did not rescue the phenotype (supplemental Fig. S2 D, available at www.jneurosci.org as supplemental material). Four different Smad1 siRNAs were tested: three resulted in similar phenotypes, and they all caused a large reduction in Smad1, whereas the fourth had no functional effect but also did not produce effective knockdown (data not shown).
These results suggested that the phenotype was caused by spe- y-axis is the % of neurons and x-axis is the maximal axonal length. E, F, A total of 276 neurons were measured. Smad1 knockdown resulted in a significant decrease of the % of the axon-bearing neurons (E), and of the mean of the longest axonal length (F)(*p Ͻ 0.01; **p Ͻ 0.001; and ***p Ͻ 0.0001). Ctra, Contralateral; Les, lesion; ctrlsi, control siRNA; S1, Smad1.
cific knockdown of Smad1. This was further supported by rescue experiments using a plasmid encoding an RNAi-resistant Smad1 with seven silent point mutations introduced into the siRNA targeting region (Fig. 2 F) . Electroporation of this plasmid into the neurons fully rescued the Smad1 knockdown phenotype (Fig.  2 J, K ) . In contrast, a mutant form of the RNAi-resistant Smad1 in which the C-terminal serines were mutated to alanines (SSVS to AAVA), which is predicted to be nonfunctional, did not rescue (Fig. 2 L, M ) . Over-expression of Smad1 or AAVA-Smad1 did not cause any significant changes in axonal length in the presence of control siRNA (Fig. 2G-I ) but, interestingly, the AAVA-Smad1 enhanced the effect of the Smad1 siRNA in reducing axonal length (Fig. 2 L, M ) , presumably by interfering with residual Smad1 through a dominant-negative effect.
In the time course study (Fig. 3B, red curves) , by 1 DIV, DRG neurons have just begun to form short neurites, and there was no visible effect of Smad1 siRNA. By 2 DIV, Smad1 knockdown resulted in significantly shorter neurites, which then did not appear to extend any further over the next 2 d.
Conditioned DRG neurons continue to require Smad1 for axonal growth
Smad1 upregulation and phosphorylation were maintained a week after SNT (Fig. 1C,D) , raising the possibility that continued presence of sufficient Smad1 may be required to maintain the growth program. When the conditioned and the contralateral neurons were subjected to Smad1 knockdown, both showed a significant decrease in axonal length (Fig. 3A) . As expected, at 1 DIV, the conditioned neurons treated with control siRNA showed a tremendous growth advantage over their naive counterparts. Smad1 siRNA had no effect at 1DIV; but at 2 DIV, the axonal length of the conditioned neurons leveled off, although they were still slightly longer than their naive counterparts; at 3 and 4 DIV, they seemed to have even retracted their already extended axons, bringing their lengths in line with those of the nonconditioned counterparts (Fig. 3B, blue curves) .
An alternative way of testing the continued requirement for Smad1 for axonal extension is to use a replating protocol. DRG neurons were cultured for 3 d (equivalent to a 3 d in vitro conditioning), then replated and grown for an additional 20 h. Unlike the freshly dissociated neurons, replated neurons had extended long neurites after only 20 h. Replated neurons with Smad1 knockdown extended much shorter neurites, and a much lower percentage of neurons had neurites. A similar effect was observed for neurons preconditioned by SNT in vivo (Fig. 3C-F ) .
Smad1 is a transcription factor, so our model predicts that the axon growth program requires ongoing transcription. DRG neurons preconditioned in vivo are known to be able to extend axons in a transcription-independent manner for the initial 16 h in vitro (Smith and Skene, 1997 ) (supplemental Fig. S3A , available at www.jneurosci.org as supplemental material). We found that transcription is required beyond that, since in the continued presence of the transcription inhibitor DRB, the conditioned neurons eventually stopped extending axons at 2 DIV, the axons started to degenerate and retract by 3 DIV, and Smad1 was depleted (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material).
Intraganglionic injection of BMP4 or BMP2 can mimic the effect of a conditioning lesion
We next tested whether Smad1 is sufficient to serve as a molecular switch. Gain-of-function studies by addition of BMPs to the cultures in the first 18 h did not prove informative, because of loss of BMP receptors during enzymatic dissociation (supplemental Fig.  S4 , available at www.jneurosci.org as supplemental material). However, since the receptors are present on the neurons in vivo, we reasoned that we could likely activate Smad1 in vivo by exposing the neurons to BMPs. We therefore delivered BMPs by injection into the DRGs, and allowed neurons to be "primed" for 3 d in vivo. The neurons were then grown in dissociated culture for only 16 h. In the control cultures derived from vehicle-injected DRGs, very little axonal growth was observed. In contrast, cultures of neurons exposed to BMP2 or 4 in vivo showed a significant increase in the percentage of neurite-bearing neurons and in neurite length (Fig. 4 A-C) . Intraganglionic BMP4 injection activated Smad1 in sensory neurons: 52% of neurons showed early nuclear accumulation of pSmad1/5/8, compared with 19% from vehicleinjected and 8% from DRGs with no injection (Fig. 4 D-E) .
Discussion
Our results establish a key role for Smad1 activation in rekindling axon growth after injury: peripheral axotomy triggers the phosphorylation and nuclear translocation of Smad1, which appears to be necessary and sufficient to push the neurons into a growth state.
Early changes in transcription factors in vivo and in vitro
We have extended previous studies by showing that peripheral axotomy induces a rapid (Ͻ12 h) and robust change in expression of a number of transcription factors, including ATF3 and Smad1, in DRG neurons in vivo; similar changes are seen in dissociated neurons in vitro, triggered by the axotomy during dissociation. The parallels between the two suggest that the reprogramming process may be largely neuron-autonomous and directly linked to injury per se, since neurons were semipurified and plated at low density, thus making the influence from residual non-neuronal cells lower than might be expected in vivo. Furthermore, the dissociation step severs the axon so close to the soma that retrograde transport of messages from the injury site seems inessential. How peripheral, but not central axonal injury triggers Smad1 induction, activation and nuclear translocation awaits future study. In preliminary experiments, we found that blocking extracellular BMPs with the antagonist noggin (which binds multiple BMPs) or with antibodies to BMP2/4 did not alter the rate of Smad1 activation nor the time course of axon extension (data not shown). This suggests that Smad1 is activated by axotomy independently of extracellular BMPs; a precedent for direct activation of Smads by a cytoplasmic kinase independent of extracellular TGF␤s has been reported (Zhu et al., 2007) ; it is also possible that an intracrine mechanism (intracellular BMPs activating their receptors while both are in the endoplasmic reticulum) operates here, as documented for other peptide growth factors like VEGF (vascular endothelial growth factor) . Whether one of these mechanisms operates here, or whether some other mechanism is at play, remains to be determined.
It is, of course, conceivable that activation of Smad1 may also be triggered at the peripheral lesion site in vivo, with pSmad1 then retrogradely transported to the cell body and into nucleus. Smad1 has been implicated in mediating BMP signaling from axon terminals, through retrograde transport, to regulate neuronal differentiation and synaptic maturation (Hodge et al., 2007) , and in topographic mapping of neural circuits (Ting et al., 2007) . Moreover, retrograde transport of factors like JNK (c-Jun N-terminal protein kinase) (Goldstein, 2001) , MAP (mitogen-activated protein) kinase (Perlson et al., 2005) , and pSTAT3 may further enhance the neuronal responses to peripheral axotomy.
Our microarray analyses did not identify an upregulation of Smad1 24 h postlesion, but we believe that this may reflect the detection threshold of the microarray analysis, since sustained induction of Smad1 up to a week after axotomy was readily detected by qRT-PCT, ISH, and Western blotting.
Smad1 functions as a key regulator of the axon growth program
With Smad1 knockdown, adult DRG neurons show reduced axonal growth. Because maximal depletion of Smad1 by RNAi takes ϳ2 d (Fig. 2 A) (data not shown), we believe some Smad1-dependent activation of the growth program occurs initially and likely accounts for the early relatively normal growth. After 2 DIV, however, the siRNA-treated neurons do not extend axons further although the knockdown is not complete (an ϳ80% reduction), indicating a central requirement for Smad1. Thus the timeframe within which the axon growth program is halted coincides approximately with the time course of Smad1 knockdown.
Consistent with the in vivo relevance of this mechanism, priming adult sensory neurons by exposure to exogenous BMP2 or 4 in vivo in the absence of axotomy both activates Smad1 in the neurons and triggers the switch to an axonal growth state, providing support for sufficiency. It is possible that the effect of injected BMPs is partly attributable to an indirect effect, with the BMPs acting on non-neuronal cells which in turn signal the neuron, although the fact that injected BMPs activate Smad1 in neurons suggests that the effect is at least partly, if not entirely direct on the neurons. It should also be noted that the effect of intraganglionic injection of BMP2 or 4 is not as strong (as assessed by a lower percentage of neuritebearing neurons) as seen with a conditioning lesion. Similarly, a lower percentage (52%) of neurons exhibit a strong nuclear pSmads signal after in vivo BMP "priming" than after sciatic nerve transection (Ͼ90%). This partial activation may result from only a subpopulation of DRG neurons being exposed to adequate concentrations of the exogenous BMPs. Alternatively, the Smad1 pathway might be only one of several components that are activated by peripheral axotomy (Cao et al., 2006) .
It is possible that Smad1 activation also controls expression of other injuryinduced genes, beyond those that regulate axonal growth. For example, galanin is highly upregulated after axotomy, and a recent study highlighted the presence of Smad-binding sites in a region of the galanin promoter required for this upregulation, as well as in the promoters of other injury-induced genes (Bacon et al., 2007) , consistent with a central role for Smad1 in the axotomy-induced response.
Although we have focused on the role of Smad1 in mediating the response to axotomy, our results do not exclude functions for BMPs at the tips of axons, independent of nuclear signaling. Indeed, noncanonical BMP signaling pathways are implicated in mediating local effects of BMPs-regulating actin dynamics during dendritogenesis (Lee-Hoeflich et al., 2004) , synaptic stability (Eaton and Davis, 2005) , and acute induction of growth cone collapse (Butler and Dodd, 2003) . Other TGF␤ regulated Smads, e.g., Smad2, are also expressed in adult DRG neurons; their function remains to be reported.
Our data implicate Smad1 as a key component of the transcriptional mechanism underlying the switch of adult sensory neurons into a growth state. Whether the same transcriptional cascade that rekindles peripheral axonal growth also enable the central branch to navigate through the hostile environment of CNS after a conditioning peripheral lesion remains to be determined. It is certainly conceivable that distinct transcriptional programs regulate intrinsic axon growth capacity and axonal sensitivity to extrinsic CNS inhibitors. Regardless, our finding of a key role of Smad1 in the transcriptional switch to a growth state provides a further handle on this crucial step in the regeneration of adult axons. 
